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We studied the properties of electromagnetic waves that were emitted from a source placed inside a left-
handed medium based on a two-dimensional labyrinth. While the arguments of geometrical optics suggest
that the field emitted from the source would be focused outside the left-handed medium no matter where the
source was placed, our results proved the contrary. We found that the field emitted from the source was
focused outside the left-handed medium when the source was placed inside the medium at a certain distance
away from the interface. Moreover, our results showed that the field emitted from the source was focused on
the subwavelength dimensions outside the left-handed medium. © 2007 Optical Society of America
OCIS codes: 350.4010, 350.5500.It was back in the 1960s that the peculiar properties
of a medium with simultaneously negative permittiv-
ity and permeability were predicted.1 Negative re-
fraction, the reversal of the Doppler shift, and sub-
wavelength resolution are among these peculiar
properties.2–4 Simultaneous negative permittivity
and permeability were recently realized in the form
of a periodic arrangement of thin wires and resonant
magnetic inclusions, such as split-ring resonators or
labyrinth structures.5,6 This new class of artificial
materials is rather conveniently named metamateri-
als. While it is possible to create an artificial medium
that possesses simultaneous negative permittivity
and permeability, in a broader context one can use
metamaterials to engineer a medium that has the de-
sired electromagnetic response.
The transmission, refraction, and focusing proper-
ties of metamaterials have been extensively studied.
Several researchers demonstrated negative perme-
ability, left-handed transmission, negative refraction,
and subwavelength focusing by using metama-
terials.2,4 On the other hand, the emission properties
of sources when they are placed inside metamaterials
still remain to some extent unexplored. The study of
the field emitted from a source, which is placed inside
a left-handed medium slab, provides exciting an-
swers for both physical and technological consider-
ations. First of all, such a study provides the means
of checking the validity of ray optics on left-handed
medium metamaterials whose overall dimensions are
comparable with one wavelength. In addition, the in-
formation gained from such studies is important for
the applications that incorporate radiation sources
and active or nonlinear materials inside left-handed
medium metamaterials.7–11 There are several theo-
retical studies that investigated the issue of sources
inside a metamaterial with permittivity and perme-
ability equal to zero. In addition, there are some
studies that attempted to use metamaterials to en-
hance the characteristics of antennas.12
In the present work, we studied the properties of
the electromagnetic fields emitted from a source em-
bedded inside a two-dimensional left-handed
0146-9592/07/070850-3/$15.00 ©metamaterial that was based on labyrinth resona-
tors. Our results showed that when the source is
placed at a certain distance from the interface, the
transmitted field is focused on subwavelength dimen-
sions. We first present our retrieval results regarding
the permittivity and permeability of the labyrinth-
based left-handed medium. We show that there is a
frequency at which the permittivity and permeability
attain the same negative value, i.e., they are imped-
ance matched to free space. We subsequently present
our theoretical and experimental results for the
impedance-matched frequency when the source is
placed inside the left-handed medium.
The structure that we used for this present study
was a two-dimensional periodic arrangement of wires
and labyrinth structures. The details regarding the
structure can be found elsewhere.13 We calculated
the effective permittivity and permeability of the
two-dimensional medium by using a retrieval proce-
dure. The results are shown in Fig. 1. There is a cer-
tain frequency range at which the permittivity and
permeability are negative. In addition, the values of
permittivity and permeability (real parts) are the
same at 6.3 GHz with a value of −1.24. Moreover, the
Fig. 1. Calculated effective medium parameters of the
labyrinth-based left-handed medium: real part of 
(dashed) and real part of  (solid). Measured reflection
spectrum from the labyrinth-based left-handed medium
(dotted).
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quency, 0.014 and 0.1, respectively. As a result, the
impedance of the medium is matched to the free
space at 6.3 GHz. Therefore one expects a significant
reduction of the reflection coefficient around 6.3 GHz.
We measured the reflection spectrum from the two-
dimensional left-handed medium by using an HP-
8510C network analyzer. Receiving and transmitting
horn antennas were used for the measurements. The
measured reflection spectrum of the two-dimensional
medium is shown in Fig. 1. The reflection from the
two-dimensional medium is rather small around
6.31 GHz (−35 dB at 6.31 GHz).
We carried out finite-difference time domain simu-
lations to study the properties of the electromagnetic
waves when the source was placed inside the left-
handed medium. In our simulations, we treated the
two-dimensional labyrinth-based medium as a slab of
homogeneous and isotropic material. This approxi-
mation provides the means to compare the actual
left-handed metamaterial with an isotropic and ho-
mogeneous medium. In addition, such an approxima-
tion is justified because the size of the labyrinth fea-
tures are very small compared with the wavelength
of interest. The permittivity and permeability of the
slab were set to −1.24, and the simulation frequency
was 6.3 GHz. The thickness of the slab was equal to
the thickness of the labyrinth-based medium that we
used in our experiments, 8.8 cm (10 layers of a
labyrinth-based medium). Note that the thickness of
the slab was 1.87. The source was placed seven lay-
ers, 6.16 cm, away from the left side interface. The
result of the finite-difference time domain simulation
is shown in Fig. 2. When the source is seven layers
away from the interface (left side interface), there is
a clear focusing of the source field away from the in-
terface. The half-width of the image along the y axis
at the maximum intensity point is  /2.35. On the
other hand, when the source is three layers away
from the interface (right side interface), the image is
rather close to the surface. The half-width of the im-
age in this case is reduced to  /3.42. It is noteworthy
that geometrical optics considerations would lead im-
age points away from the interfaces for both cases.
We used an HP-8510C network analyzer to per-
form the experiments. The transmitting monopole
antenna was placed inside the two-dimensional
labyrinth-based left-handed medium. The width of
the labyrinth-based medium was ten layers, 8.8 cm.
The receiving monopole antenna was used to mea-
sure the field outside the left-handed medium over an
area of 50 mm100 mm area with steps of 2.5 mm.
More details regarding the experimental procedure
can be found elsewhere.14 The results of our mea-
surements when the source was three layers and
seven layers away from the interface are shown in
Figs. 3(a) and 3(b), respectively. The image of the
source field appeared to be tied to the surface when
the source was three layers away from the interface.
The half-width of the image was  /3.2. On the other
hand, the image appeared away from the interface
when the source was placed inside the seventh layer.
The maximum intensity point along the x axis was10 mm from the interface. In addition, the half-width
of the image was  /2.3. We note that comparison of
Figs. 2and 3 shows quite good agreement between
our simulation results, which treated the left-handed
medium as a homogenous and isotropic material, and
experimental results. Both of these results indicate
that one cannot treat a left-handed medium by use of
geometrical optics if the overall dimensions of the
medium are comparable with the wavelength of in-
terest. The reason for this is that if we were to apply
the argument of the geometrical optics, we would ex-
pect to observe an image away from the surface for
both of the source distances. The discrepancy be-
tween both experimental and theoretical results and
the expectations of geometrical optics is attributed to
two main reasons. One reason is related to the size of
the left-handed medium. As the size of the left-
handed medium is comparable with the wavelength,
the results of geometrical optics are questionable.
The second reason is related to the excitation of the
Fig. 2. Top, simulated field intensity emitted from a
source placed inside the homogeneous left-handed medium.
Bottom, cross section of the field intensity along the x axis
on the source plane.surface plasmon waves. Figure 2 shows the existence
852 OPTICS LETTERS / Vol. 32, No. 7 / April 1, 2007of surface waves along the edges of the left-handed
medium.
In conclusion, we studied the properties of the field
emitted from a source that is embedded inside a two-
dimensional left-handed medium. Our results
Fig. 3. Measured field intensity when the source was
placed (a) three and (b) seven layers away from the inter-
face inside the labyrinth-based left-handed medium.showed that when the source was at a certain dis-
tance away from the interface (seven layers in the
present study), the image of the source appeared
away from the interface. On the other hand, the im-
age appeared tied to the surface when the source was
placed closer to the interface. In addition, we ob-
served half-widths of source field images as small as
 /3.7.
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